involved in modulating access of the substrate SREBPs with the first protease. Although the need for proteolysis was obvious, the role of the regulatory protein, called SREBP cleavage activation protein or SCAP, was not apparent. It is now clear that SCAP is the key to sterol regulation because the identical proteases, but not SCAP, are involved in releasing the ATF 6 protein from ER membranes in response to cellular stress (Ye et al. 2000) . In addition, a complex between SCAP and SREBPs moves from the ER to the golgi in a sterol-regulated manner (Nohturfft et al. 1999 (Nohturfft et al. , 2000 . This places the substrate SREBPs into the same cellular compartment as the proteases (Fig. 1) . Thus, the role of SCAP is to escort the SREBPs from one cellular compartment to another in a sterol-regulated fashion Sheng et al. (1995) showed that processing of SREBP-1 and SREBP-2 is regulated differently in animals, whereas their processing is coordinately regulated in cultured cells in response to sterol depletion (Wang et al. 1994; Hua et al. 1996b) . SCAP is required for maturation of both SREBP-1 and SREBP-2 isoforms in cultured cells, but because of the results of Sheng et al. (1995) there was a question as to whether SCAP was really involved in processing both SREBP-1 and SREBP-2 in animals. Recently, Matsuda et al. (2001) used Cre-loxP gene knockout technology combined with animal feeding studies to evaluate SCAP's role in processing precursor SREBPs in livers of adult mammals. Loss of liver SCAP resulted in severely reduced levels of mRNAs and precursor proteins for both SREBP-1 and SREBP-2 in livers of animals fed a standard rodent balanced chow diet. Thus, SCAP is definitely involved in maturation of both SREBPs, but there is surely more to be uncovered in this system because of the differential regulation noted by Sheng et al. (1995) . In the first part of this article, I provide a brief overview to the SREBP pathway and refer the reader to other recent reviews of this more general topic Edwards and Ericsson 1999; Edwards et al. 2000; Osborne 2000) . The second part of the article is focused on SCAP with an emphasis on the significance of the study from Matsuda et al. (2001) .
The SREBP family: key regulators of lipid metabolism
The SREBPs were identified independently by two different groups working on adipocyte cell differentiation (Tontonoz et al. 1993 ) and cholesterol metabolism Yokoyama et al. 1993) . DNA sequence analyses revealed that SREBPs are members of the bHLHLZ family of transcription factors, but they have two special properties that distinguish them from other family members. First, they are translated as membrane-bound precursors as mentioned above. The second special feature is a unique tyrosine residue in the basic region of the bHLH motif (Kim et al. 1995) . All other related bHLH proteins that have been identified to date, with the exception of two yeast proteins, have an arginine at the equivalent position. Interestingly, one of the yeast proteins has been implicated in controlling carbohydrate catabolism (Nishi et al. 1995) and the other is involved in pseudohyphal growth regulation (Lane et al. 2001) . Because carbohydrate breakdown is a fundamental part of lipogenesis and pseudohyphal growth requires increased accumulation of lipids for membrane expansion, it is conceivable that regulation of these two processes in yeast is related through evolution to regulation of key SREBP-dependent processes in mammals. The two yeast proteins do not share the carboxy-terminal extension that anchors the SREBPs into membranes.
The tyrosine residue allows alternative folding of the DNA-binding domain, permitting high-affinity recognition of two very different DNA sites (Parraga et al. 1998) . One site is the inverted repeat E-box, which is the signature DNA recognition site of bHLH proteins. The other site is the direct repeat sterol regulatory element (SRE) (Kim et al. 1995) , which is present in all known sterol-regulated genes identified to date (Athanikar and Osborne 1998) . The functional implications of this dual DNA-binding specificity are discussed elsewhere (Osborne 2000). Interestingly, the two yeast proteins also bind to both classes of DNA sites.
There are two SREBP genes and three major proteins in the SREBP clan. Two transcripts are produced from the SREBP-1 gene by use of two different promoters (Miserez et al. 1997) . Transcription from each promoter produces an SREBP-1 mRNA with a unique first exon that is ligated to a common second exon during mRNA processing. The mRNA reading frame into the second exon is the same for both transcripts, so the protein coding sequences for both isoforms are identical from this point forward. Only one mRNA and protein have been identified from the SREBP-2 gene. Important questions include how the different isoforms regulate overlapping but not identical gene sets and how expression and activity of the SREBPs themselves are regulated in similar and distinct ways.
The SREBP transcriptional activation domain is located at the extreme amino terminus, therefore, the alternative promoters in SREBP-1 result in two proteins with different activation domains ). The longer amino-terminal region in SREBP-1a is a very potent transcriptional activation domain. The SREBP-1c isoform lacks 29 amino acids present in SREBP-1a and has four unique amino acids in addition to the initiator methionine. The shorter amino terminus of SREBP-1c is a very poor activation domain.
The ratio of SREBP-1a and SREBP-1c mRNA levels vary over two orders of magnitude in different tissues of the body. For example, in liver, in which SREBP activity is most significant to nutrient metabolism, SREBP-1c mRNA is close to 10-fold more abundant than SREBP-1a, whereas in spleen, this ratio is reversed ). It is not yet clear whether these ratios reflect similar differences in the levels of each protein. In contrast, SREBP-1a mRNA is expressed at higher levels than SREBP-1c in all but one cell line characterized so far DeBose-Boyd et al. 2001) . Because it is encoded by the predominant mRNA in adult liver and adipose tissue, the SREBP-1c protein is likely to Figure 1 . SCAP escorts SREBPs from the endoplasmic reticulum (ER) to Golgi in response to low sterol levels. Both SCAP and SREBP are shown anchored to the ER membrane through several or two membrane-spanning domains, respectively. The putative sterolsensing domain of SCAP, indicated in yellow, represents a membrane-spanning region with similarities to several other proteins that are likely to be involved in sterol sensing in the cell ). An interaction between the carboxy-terminal domains of the two proteins is also indicated. Under low sterol conditions, the SCAP-SREBP complex travels to the Golgi complex in which the two sequential acting proteases, S1P and S2P, reside. After cleavage by S2P, the mature transcription factor enters the nucleus.
represent the key protein involved in SREBP-1-dependent processes in these tissues. A significant role for SREBPs in both lipogenesis and cholesterol metabolism has been established convincingly through both genetic manipulation of SREBP levels and feeding studies in animals (for review, see Osborne 2000) . From expression studies of individual isoforms, it appears that SREBP-1 preferentially activates genes of fatty acid metabolism, whereas SREBP-2 selectively stimulates genes involved in cholesterol homeostasis (Horton et al. 1998b ). An mRNA expression profile of SREBP-1 versus SREBP-2 reveals that they are both expressed widely throughout the body at roughly similar levels with significant overlap Yokoyama et al. 1993) .
Feeding rodents a high-carbohydrate diet after a forced fast activates the entire program of lipogenesis in liver. This represents a classic insulin response (Towle et al. 1997) , and SREBP-1c mRNA was also activated by this protocol (Horton et al. 1998a; Kim et al. 1998 ). Overexpression of SREBP-1c in livers prevented down-regulation of lipogenic genes that occurs normally during fasting (Horton et al. 1998a) . In a related report, a knockout of the SREBP-1 gene resulted in a total loss of lipogenic gene activation during the refeeding phase even though SREBP-2 levels were normal or perhaps slightly elevated (Shimano et al. 1999 ). These and additional observations discussed in another recent review (Osborne 2000) provide strong evidence that SREBP-1c is a key regulator of early events in the liver's response to insulin.
Sterol-dependent proteolysis of SREBP: no eSCAPing fate
The studies referred to thus far have highlighted the special properties of SREBPs after they are released from their membrane anchor. The cholesterol-sensitive proteolytic maturation represents an additional area of complexity in which multiple proteins function sequentially, culminating in the release of SREBP from the membrane (Fig. 1) . A carboxy-terminal domain in SCAP interacts directly with a carboxy-terminal region of the SREBPs , and under steroldepleted conditions, the SCAP-SREBP complex transits from the ER to the golgi (Nohturfft et al. 1999) . Through this sterol-regulated movement, the SREBPs are brought into close proximity to the first of two sequentially acting proteases, site 1 protease (S1P), which is a membrane-bound serine protease ) that attacks a peptide bond in the lumenal loop of the hairpin (Duncan et al. 1997) . The resulting hydrolytic cleavage splits SREBP in two, leaving roughly each half attached to the membrane through a separate transmembrane domain.
Once in this form, the amino-terminal half functions as a substrate for a second distinct protease called site 2 protease (S2P). S2P is a membrane-bound zinc-metalloprotease (Rawson et al. 1997 ) that releases the aminoterminal SREBP fragment from the membrane by cleaving a peptide bond located at an intramembrane site in close proximity to the cytosolic face of the membrane surface (Duncan et al. 1998) . The released fragment represents the mature SREBP transcriptional regulatory protein and it migrates to the nucleus and activates appropriate target genes. If the cell sterol level once again rises above a critical level, exodus of the SCAP-SREBP complex from the ER is stopped and further SREBP maturation is switched off. Nuclear SREBPs turn over quickly (Wang et al. 1994) , thus, when membrane release is inhibited, SREBP target gene expression returns rapidly to basal levels. This provides a dynamic regulatory mechanism to prevent overaccumulation of cellular lipids. The fate of the carboxy-terminal half that is left in the membrane has not been addressed.
In the experiments of Matsuda et al. (2001) , animals containing synthetic loxP sites flanking the first exon of the SCAP gene were crossed to another mouse line that expresses Cre recombinase in response to interferon only in the liver. Following activation of Cre, loxP-dependent recombination excised >90% of the targeted SCAP DNA from adult liver and resulted in a virtual elimination of the corresponding protein. Importantly, there was no effect on SCAP DNA or protein observed in any other tissue. For the first time, this permitted the chance to evaluate the role of SCAP in the regulation of liver metabolism in an adult mammal.
Loss of SCAP decreased processing of membranebound forms of both SREBP-1 and SREBP-2 proteins in livers of animals fed a normal chow diet. SREBP target gene expression in liver was also reduced as were serum and liver levels of triglycerides and cholesterol. These results clearly establish that SCAP is required for production of active SREBP-1 and SREBP-2 in animals. Interestingly, mRNA levels of both SREBPs were also dramatically decreased. The promoter specific to the 1c isoform of SREBP-1 and the single SREBP-2 promoter are both autoactivated by SREBPs in tissue culture studies (Sato et al. 1996; Amemiya-Kudo et al. 2000) . The extremely low levels of SREBP mRNAs in the studies of Matsuda et al. (2001) showed that this autoregulation of transcription is critically dependent on SCAP-dependent processing of SREBP.
The role of SCAP in feedback regulation by sterols and insulin was analyzed through a series of feeding studies. It has been known for two decades that when a bile acid sequestrant such as cholestipol and a statin class of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitor are added to normal chow, it mimics a sterol-depleted state (Brown and Goldstein 1980) . Animals respond by increasing expression of proteins required for cholesterol uptake and biosynthesis in the liver. This dietary manipulation resulted in increased processing of the SREBP-2 precursor and decreased processing of SREBP-1 (Sheng et al. 1995) . In SCAP-less liver mice, this treatment had no effect on expression of SREBP target genes, which remained very low, showing that SCAP is required to provide at least the minimal levels of SREBP necessary to initiate the response to sterol depletion in animal livers. In fact, the levels of membrane-bound SREBP precursors were also barely detectable before or after treatment with the two compounds.
Studies over the last few years have revealed that cholesterol and fatty acid metabolism are coregulated by the SREBPs and SREBP-1c is a key activator of lipogenic gene expression in response to insulin signaling in liver (Horton and Shimomura 1999; Osborne 2000) . To evaluate whether this process is altered in the SCAP-less liver mouse, Matsuda et al. (2001) adopted a fasting/refeeding regimen to evaluate the effects of insulin on liver lipogenesis. Control animals responded normally with a decrease in lipogenic genes during fasting and a dramatic activation upon refeeding a high-carbohydrate diet. Lipogenic gene expression was already quite low in the mutant animals before the fast and there was little effect of fasting/refeeding. Thus, when SCAP is absent, there are insufficient amounts of processed SREBPs to initiate the program of lipogenesis.
In addition to directly monitoring lipogenic gene activation, liver lipids were also measured along with serum levels of lipids, glucose, and insulin. As expected, serum triglycerides rose upon fasting due to mobilization from adipose tissue stores and was similar in normal and SCAP-less animals. The serum level of glucose falls normally during a fast; this was observed in the current studies in which the glucose levels in control animals fell by 63% compared with the non-fasted state. However, in the SCAP-less animals, serum glucose levels fell only by 24%. Liver glucose production through gluconeogenesis normally increases upon fasting to compensate for the loss of dietary sugar (Kraus-Friedman 1984) . The relatively higher levels of serum glucose in fasted SCAP-less animals may be due to increased gluconeogenesis. Whether this is the source of the increased glucose and whether it is directly a result of low SREBP levels is not yet clear. However, it is intriguing to speculate that because SREBPs are key activators of lipogenesis, they may be negative regulators of key gluconeogenic genes in liver, and this regulation would also be lost in the SCAP-less animal.
Because of the low mRNA levels for the SREBPs and the fact that SCAP appears to stabilize the membranebound precursors (Rawson et al. 1999) , there was a surprisingly very low level of expression of even the membrane-bound SREBPs in the control fed SCAP-less animals. Thus, from the animal feeding experiments, it is difficult to distinguish between whether SCAP is only required to provide basal levels of SREBPs that initiate responses to sterol deprivation and insulin signaling or whether SCAP is also a direct target of the regulation. That SCAP is an important component of the regulatory response to sterols is supported by studies in cultured cells in which SCAP movement from the ER to the golgi is increased upon sterol deprivation (Nohturfft et al. 1999) . However, there is no supporting evidence that SCAP is a direct regulatory target of insulin signaling. This question may be approached in the future by analyzing transgenic animals that express the precursor SREBPs under the control of a promoter that is not subject to autoregulation.
Elucidation of the elegant mechanism and key proteins in the SCAP-SREBP pathway has been accomplished through experiments performed in both cultured cells and in transgenic mice. In cultured cells, it is possible to totally manipulate the cellular nutritional environment, conditions that are impossible to reproduce in animal feeding studies. Thus, in cultured cells, it is possible to accentuate fundamental molecular events in the regulatory process. These experiments are essential to establish the mechanism, and in combination with totally in vitro experiments, they can precisely identify individual components of a multistep regulatory process. However, these experiments provide only a limited view of the complexities involved, because in whole animals, interacting regulatory pathways can converge at critical points to prevent intolerable swings in metabolic flux. This metabolic compensation can mask the involvement of important regulatory events that operate normally behind the scenes. Because of the complexities of metabolic compensation, simple feeding studies performed in animals can miss important aspects of regulatory pathways that become apparent only by drastic measures in which key proteins are either overexpressed or their genes are knocked out.
For example, the idea that cholesterol metabolism and fatty acid biosynthesis were coregulated was not significantly appreciated until relatively recently. In fact, in early studies that documented feedback regulation of cholesterol biosynthesis by dietary cholesterol, incorporation of labeled precursors into fatty acids was used as a negative control for the specificity of putative regulatory sterols on cholesterol synthesis (Gould 1951; Langdon and Bloch 1953) . We now know that cholesterol and fatty acid metabolism are coregulated by SREBPs, and the reason this was not appreciated earlier is that cholesterol biosynthesis is regulated through transcriptional regulation by the SREBPs, a relatively slow-acting but stable regulatory process. High levels of sterols also result in increased degradation of HMG CoA reductase enzyme, which has a rapid effect on inhibiting precursor flux through the pathway (Gil et al. 1985) . The early studies probably accentuated regulation mediated through the degradation of HMG CoA reductase and de-emphasized or missed the SREBP regulation.
The fundamental properties of the SCAP-SREBP regulatory cascade have been identified relatively quickly, which underscores the power of combining modern methods of somatic cell genetics, in vitro biochemistry, and transgenic animal studies to tackle a complex problem in a systematic fashion. Several key proteins in this regulatory network have now been identified, and the mechanism of regulation is also becoming well characterized. However, as always, there are still important questions that remain. For example, how is the exit of the SCAP-SREBP complex from the ER regulated by intracellular sterol levels? Also, as SCAP is involved in escorting both SREBP-1 and SREBP-2 from the ER, what is the molecular basis for the differential regulation of SREBP-1 and SREBP-2 processing in animal livers (Sheng et al. 1995) ? These and other important questions will likely be answered in the near future through the combined approaches that have so far proven to be highly successful and extremely informative.
